Caucasians and is characterized by the production of excessive amounts of viscous mucus secretions in the airways of patients, leading to airway obstruction, chronic bacterial infections, and respiratory failure. Previous studies indicate that CF-derived airway mucins are glycosylated and sulfated differently compared with mucins from nondiseased (ND) individuals. To address unresolved questions about mucin glycosylation and sulfation, we examined O-glycan structures in mucins purified from mucus secretions of two CF donors versus two ND donors. All mucins contained galactose (Gal), N-acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc), fucose (Fuc), and sialic acid (Neu5Ac). However, CF mucins had higher sugar content and more O-glycans compared with ND mucins. Both ND and CF mucins contained GlcNAc-6-sulfate (GlcNAc-6-Sul), Gal-6-Sul, and Gal-3-Sul, but CF mucins had higher amounts of the 6-sulfated species. O-glycans were released from CF and ND mucins and derivatized with 2-aminobenzamide (2-AB), separated by ion exchange chromatography, and quantified by fluorescence. There was nearly a two-fold increase in sulfation and sialylation in CF compared with ND mucin. High performance liquid chromatography (HPLC) profiles of glycans showed differences between the two CF samples compared with the two ND samples. Glycan compositions were defined by matrixassisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS). Unexpectedly, 260 compositional types of O-glycans were identified, and CF mucins contained a higher proportion of sialylated and sulfated O-glycans compared with ND mucins. These profound structural differences in mucin glycosylation in CF patients may contribute to inflammatory responses and increased pathogenesis by Pseudomonas aeruginosa.
Introduction
Cystic fibrosis (CF) is an autosomal genetic disease resulting in the accumulation of mucus in exocrine organs. The disease results from mutations in the gene encoding the CF transmembrane conductance regulator (CFTR) on chromosome 7, which is a member of the adenosine triphosphate (ATP) binding cassette (ABC) family of ion transporters (Riordan et al., 1989; Welsh et al., 2001 ). The disease is common, and 1 in 25 individuals of northern European extraction carry a mutation in CFTR (Gibson et al., 2003) . A characteristic of CF is lung disease, resulting from excessive mucin production and accumulation and thickening of the mucus plaques and plugs Rose et al., 2000; Boucher, 2004) . The accumulated mucus promotes bacterial adhesion and colonization, primarily by Pseudomonas aeruginosa, resulting in lung pathology and obstruction and eventual death owing to pneumonia (Welsh et al., 2001; Gibson et al., 2003) . The estimated mean survival age of affected individuals as of 2001 was only 33.4 years (Gibson et al., 2003) .
The submucosal bronchial glands and surface goblet cells secrete high molecular weight airway mucins encoded by numerous mucin (MUC) genes that contain abundant Ser/ Thr-linked O-glycans (Lamblin et al., 1991 (Lamblin et al., , 2001 , with sugar components representing over one half of the weight of the mucins (Lamblin et al., 1991 (Lamblin et al., , 2001 ; Thornton et al., 1991) . At least 14 different mucin genes are known (Gendler and Spicer, 1995; Shankar et al., 1997; Moniaux et al., 1999 Moniaux et al., , 2001 , although eight MUC genes appear to be expressed at the mRNA level in respiratory tracts termed MUC1-8. However, only two of these mucins, MUC5AC, which is produced by goblet cells in the tracheobronchial surface epithelium (Hovenberg et al., 1996) , and MUC5B, which is secreted by the submucosal glands (Wickstrom et al., 1998 ), appear to be major gel-forming mucins in both normal and physiological secretions in the airway (Kirkham et al., 2002; Henke et al., 2004) .
Many studies have focused on the mucus-derived O-glycans in CF patients rather than mucins from nondiseased (ND) donors, because mucins are much more abundant and more easily isolated from CF patients (Carnoy et al., 1993; Devaraj et al., 1994; Scharfman et al., 1996; Ramphal and Arora, 2001) . Several early comparative studies indicated that airway mucins from CF patients are more sialylated and sulfated than those from ND donors (Roussel et al., 1975; Boat et al., 1976; Lamblin et al., 1977; Chace et al., 1983 Chace et al., , 1985 . Moreover, the levels of neutral hexose and sialic acid in the CF secretions appear to increase with increasing severity of the disease (Chace et al., 1983) . Recent studies on several dozen CF patients documented increased levels of sulfate and sialic acid in high molecular weight airway mucins from CF patients compared with mucins from individuals with chronic bronchitis (Davril et al., 1999) .
The accumulated data indicate that CF-derived airway mucins have multiple types of O-glycans containing galactose (Gal) , N-acetylglucosamine (GlcNAc), Nacetylgalactosamine (GalNAc), fucose (Fuc), sialic acid [N-acetylneuraminic acid (NeuAc)], and sulfate (van Halbeek et al., 1982; Lamblin et al., 1984a Lamblin et al., , 1991 Breg et al., 1987; Mawhinney et al., 1987 Mawhinney et al., , 1992a Sangadala et al., 1992 Sangadala et al., , 1993 Lo-Guidice et al., 1994; Chance and Mawhinney, 1996; Thomsson et al., 1998; Morelle et al., 2001) . In a recent study on O-glycan structures of airway mucin from a single CF patient, 60 different O-glycans were identified (Thomsson et al., 1998) , but it has been expected that airway mucins may contain many more O-glycans not yet identified (Lamblin et al., 1991) .
Many questions remain about airway mucins from CF patients compared with mucins from ND donors, and more information is needed in regard to detailed and quantitative comparisons of O-glycan structures, an estimate of the total numbers of possible O-glycans and the types and quantities of sulfated O-glycans. To address these issues, we have taken the approach of releasing O-glycans from purified airway mucins by nonreductive β elimination and derivatization with the fluorescent label 2-aminobenzamide (2-AB) by reductive amination to allow quantitative determinations of glycan species. We compared the O-glycan profiles from airway mucin preparations from two CF individuals and mucins isolated from mucus of two ND individuals. Our results show that airway mucins from CF patients are more highly O-glycosylated with a predicted higher density of O-glycans, and the O-glycans differ in many ways from mucins derived from ND individuals including the degree of sialylation and sulfation and the types of sulfation. Unexpectedly, airway mucins contain at least 260 different O-glycans distinguishable by mass spectrometry. The differences in O-glycan density and modification in CF compared with ND individuals could be important in the pathogenesis of the disease and potential interactions of the mucins with P. aeruginosa.
Results

Isolation and quantitation of mucins from CF and ND donors
Airway mucins were purified by established procedures using mucus from two CF patients (CF1 and CF2) and aspirates from two ND donors (ND1 and ND2), as described in Material and Methods. The purified mucins were extensively dialyzed against water, lyophilized, and weighed. Previous studies have shown that this highly purified mucin contains little if any contaminants, such as salts or small molecules, and that the dry weight is similar to the weight predicted from amino acid composition, sugar, and sulfate composition (Chace et al., 1989) . Mucins (1.00 mg) from ND1 and CF1 donors were dissolved in water, and the absorbance at 280 nm per mg for ND1 mucin was 0.353 and for the CF1 mucin, it was 0.158. Thus, as defined by both absorbance and dry weight, CF mucin contains significantly more sugar and less protein per mg protein than the ND mucins, which is consistent with previous studies (Chace et al., 1989) and with the analyses described below showing higher sugar content for the CF mucin.
Equal amounts by weight of each mucin from the four donors were examined by sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS-PAGE) and stained with periodic acid/Schiff reagent (Zacharius et al., 1969) , which is specific for carbohydrate (Figure 1 ). Only high molecular weight mucins were observed, and the CF mucin samples contained higher amounts of stainable sugar, consistent with the evidence below that these mucins are more highly glycosylated. The two ND samples resembled each other in mobility and showed slight differences in overall mobility in comparison with the two CF samples. No staining was observed with Coomassie Brilliant Blue, indicating that the high molecular weight mucins have no detectable low molecular weight contaminants.
Carbohydrate compositional analysis
Monosaccharide analyses were conducted on CF1 and ND1 mucins by acid hydrolysis, followed by Dionex high performance anion exchange chromatography (HPAEC). The only major monosaccharides identified were GalNAc, GlcNAc, Gal, Fuc, and Neu5Ac; no significant amounts of Man were observed, consistent with the presence of a large amount of O-glycans ( Figure 2 and Table I ). The results indicate that the overall carbohydrate composition of the mucins is generally similar, consistent with previous studies (Chace et al., 1985 (Chace et al., , 1989 , although the CF mucin contains Fig. 1 . Sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS-PAGE) of purified airway mucins from nondiseased (ND) donors and patients with cystic fibrosis (CF). Equal amounts of mucin by weight were analyzed from two ND individuals (ND1 and ND2) and two CF patients (CF1 and CF2). Mucins were visualized by staining with periodic acid/ Schiff, as described in Materials and methods. Altered O-glycosylation and sulfation of airway mucins more total carbohydrate per mg mucin. Overall, the average carbohydrate content by dry weight of ND1 mucin was ∼59%, whereas that of CF1 mucin was ∼76%. This is in the range of that determined previously for carbohydrate in mucins from respiratory mucus (Chace et al., 1983 (Chace et al., , 1989 ).
The increase in sugar in CF mucin is partly due to an increased number of O-glycans, because the amount of GalNAc in CF mucin was increased nearly 58% over that in ND mucin. As described below, this interpretation is also consistent with the increased amount of 2-AB-labeled O-glycans recovered from the CF mucins compared with the ND mucins. Although the general monosaccharide composition CF versus ND mucins is relatively similar, mass spectrometric analyses described below show that there are many structural differences in O-glycans between the CF versus ND mucins.
Identification of sulfated monosaccharides
Previous studies have shown that airway mucins contain sulfated sugars and suggested that there are differences in the amounts of sulfated sugars in CF mucin compared with ND mucin, including differences in GlcNAc-6-sulfate (GlcNAc-6-Sul), Gal-3-Sul, and possibly Gal-4-Sul (Mawhinney et al., 1992a,b; Degroote et al., 1999 Degroote et al., , 2003 Lamblin et al., 2001) . To address questions regarding these sulfated sugars, we utilized a partial hydrolysis strategy, in which sugar sulfates are liberated during hydrolysis and identified by Dionex HPAEC, as outlined in Materials and methods. A sample chromatographic profile is shown in Figure 3 , and the results tabulated in Table I . The major sulfated monosaccharides in both CF and ND mucins were identified as GlcNAc-6-Sul (+GlcNH 2 -6-Sul), Gal-6-Sul, and Gal-3-Sul, with GlcNAc-6-Sul being the most abundant in both CF and ND mucins. CF mucins contained nearly twice as much GlcNAc-6-Sul and over twice as much Gal-6-Sul as ND mucin. These sulfation changes were specific, because the amount of Gal-3-Sul was only slightly increased in CF compared with that of ND mucin. It should be noted that because we used a partial acid hydrolysis strategy to define sulfated sugar content, the absolute amounts of sulfated sugars in the mucins are undoubtedly higher than that shown in Table I . However, the different recovery of sulfated sugars from equal amounts of the mucin samples can be used to document the relative difference in sulfated sugar content. These quantitative differences in amounts of sulfated sugars are confirmed by ion exchange chromatography of desialylated O-glycans, as discussed below.
Nonreductive β elimination of O-glycans from CF and ND mucins and quantitation of O-glycans species by ion exchange column chromatography
To characterize the total O-glycan profile and quantify each glycan pool and individual species, we developed a general strategy to liberate and analyze the O-glycans from mucin as depicted in Figure 4 . In this approach, equal amounts of dry weight and purified mucin were treated with basic ammonia to liberate reducing O-glycans by β elimination of the O-glycosylated Ser and Thr residues. The released glycosylamine derivatives were converted to reducing sugars by boric acid treatment, as developed by Novotny's laboratory, Bloomington, IN (Huang et al., 2001) . This method generates little if any undesirable by-product, such as fragmentation or products resulting from "peeling" reactions in base. As control for this, we independently generated released glycans from bovine fetuin, as described by Huang et al. (2001) , and compared the glycans released by this procedure with those released by PNGase F (N-glycanase). Analysis of the released glycans by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) showed that either method released the same N-glycans in precisely the same proportion without discernible differences, except that the ammonia also released the O-glycans (data not shown). Thus, the results indicate that ammonia release does not result in appreciable degradation of glycans.
We then fluorescently tagged all released glycans by reductive amination and derivatization with 2-AB, thus providing a quantitative fluorescent tag to the reducing end of each O-glycan through a secondary amine linkage. The O-glycans were separated by ion exchange into neutral and charged (sialylated, sulfated, or sialylated and sulfated) fractions by anion exchange chromatography on QAESephadex, as described in Materials and methods. Fluorescence monitoring allowed quantitation of each glycan pool. In all cases below, we started the analyses with equal amounts of dry weight mucin, and all samples were compared in similar volumes. Thus, differences in fluorescence intensity or glycan amounts seen below in different data sets reflect differences in the initial amounts of glycans in the starting material. Unexpectedly, we recovered approximately twice as much 2-AB-labeled O-glycans from both CF1 and CF2, compared with the amounts recovered from ND1 and ND2, as discussed below, indicating an increased amount of O-glycans in CF mucins.
All four mucin samples were analyzed by this approach. Approximately 54% of the O-glycans from both ND1 and ND2 were neutral (ND1 is 55.1% and ND2 is 54.2%), whereas only ∼37% of the O-glycans from the CF1 and CF2 were neutral (CF1 is 38.8% and CF2 is 37.1%). The charge distribution of the anionic glycans was defined by a stepwise elution on QAE-Sephadex, in which 1-, 2-, 3-, and 4-charged anionic species are separated (Cummings et al., 1983) . While ∼25% of the ND1 and ND2 anionic glycans had -1 charge, nearly 40% of the CF1 and CF2 anionic glycans had -1 charge. The next most abundant anionic glycan for all mucins was -2, and this was recovered in nearly similar amounts for all mucins. The -3 and -4 anionic species were relatively minor for all mucin glycans. To define whether the anionic nature of the glycans was due to sialic acid and/ or sulfate, the anionic glycans A-ND1 and A-CF1 were treated with neuraminidase and reanalyzed on QAE-Sephadex. A majority of anionic glycans was converted to neutral species (NA-ND1 and NA-CF1) by desialylation ( Figure 5 ). The desialylation was quantitative, and the bulk of the residual anionic material was sulfated, as defined below in mass spectrometric analyses. Thus, the CF mucin contains more highly sialylated and charged species than ND mucin, and the sialylated O-glycans that are not sulfated account for ∼26% of ND1 mucin O-glycans and ∼35% of the CF1 O-glycans. The amounts of glycans that are sulfated after desialylation were 18.7% for ND1 and 26.2% for CF1. These percentages should be corrected upward for the nearly doubling of total 2-AB-labeled glycans in CF compared with ND mucin, as discussed below. Thus, there is an approximate two-fold increase in sulfated and sialylated O-glycans in CF mucin compared with ND mucin. The increased amount of sulfated and sialylated glycans in the CF mucins is consistent with increased sugar and sulfated sugar content of CF mucins compared with ND mucins, as shown above.
Glycosep-C column chromatography comparison of O-glycans from CF and ND mucins
Because the released O-glycans from all four mucin samples were fluorescently labeled, we quantified the O-glycan amounts in mucins samples and compared their overall profiles by chromatography on Glycosep-C. This is a weak anion exchange column employing a polymeric stationary phase with amine functionality that allows the resolution of neutral, sialylated, sulfated, or phosphorylated glycans. Although the chromatographic profiles of all the mucin samples are somewhat similar except for differences in intensity, the profiles are different in several ways, suggesting some common structural differences between CF versus ND samples. Upon chromatography on Glycosep-C, the O-glycans from ND1 and ND2 mucins had relatively similar profiles to each other ( Figure 6A ), whereas the O-glycans from both CF1 and CF2 mucins showed distinct profiles from the ND1 and ND2 mucins ( Figure 6B ). Again, the CF samples exhibited nearly twice the overall fluorescence compared with the ND samples, indicating a near doubling of total O-glycans in the CF samples compared with the ND samples. These results are consistent with the ion exchange chromatography results in Figure 5 , showing increased anionic character of the CF-derived compared with the NDderived O-glycans. Figure 4 . The recovery and quantitation of 2-aminobenzamide (2-AB)-labeled glycans were performed at each step by measuring total fluorescence. Glycans were separated by NaCl-step elution off QAE-Sephadex into neutral material and acid species with -1, -2, -3, or -4 charge, as indicated. Calculations were based on the initial sample representing 100% of the percent of starting material in each step of the fractionation is indicated. 
Analysis of neutral O-glycans by MALDI-TOF-MS
To define the compositions of each glycan pool, we analyzed samples by MALDI-TOF-MS. Because a variety of analytical approaches indicated that the profiles of O-glycans in CF1 and CF2 were very similar, we focused our analyses on one of the samples, CF1, which was available in greater quantities. By a similar rationale, we chose to analyze ND1. To aid in approximating the relative amounts of different glycan species between samples in MALDI-TOF-MS, we employed an internal standard. For neutral glycans, this standard was lacto-N-neotetraose (LNnT-Galβ1-4GlcNAcβ1-3Galβ1-4Glc), whereas the 2-anthranilic acid (2-AA) derivative of LNnT was used for anionic glycans. LNnT was chosen because its mass and the masses of its 2-AB and 2-AA derivatives are unique and distinct from any glycan mass observed in the mucin samples. To each sample to be analyzed by MALDI-TOF-MS, we added 20 pmol of the internal standard per µL of sample before spotting. We observed that the counts from the internal standards were consistently reproducible in many different analyses, thus indicating that it can be used as an internal standard to approximate the relative abundance of the O-glycans by using the scale given in Table II footnotes. We were also concerned that MALDI-TOF-MS analysis could cause partial fragmentation of 2-AB-labeled glycans. As controls for this, we performed MALDI-TOF-MS on commercial, purified sialyl Lewis x (sLe x ) tetrasaccharide and sulfo-Lewis A trisaccharide, both labeled with 2-AB. These analyses were under negative mode in the presence of ammonium citrate (20 mM) to protect against the degradation of sialic acid, the same conditions used our studies on 2-AB-labeled mucin Oglycans. We observed no loss of Fuc, sialic acid, or sulfate, because no defucosylated, desialylated, or desulfated fragments were found (data not shown). Thus, these results indicate that the spectrum of 2-AB-labeled glycans observed below is not a result of analytical artifacts introduced by either the ammonia-based elimination or the MALDI-TOF-MS. The neutral glycans (N-ND1 and N-CF1) and the anionic glycans (A-ND1 and A-CF1) were analyzed by MALDI-TOF-MS, and representative complete spectra are shown in Figures 7A and 8A , respectively. Figure 7A shows the entire unannotated spectra for both N-ND1 and N-CF1, indicating the internal standard LNnT. Similarly, Figure 8A shows the unannotated spectra for both A-ND1 and A-CF1, indicating the internal standard LNnT-AA. The overall spectra show many differences, but because of the spectral complexity, the spectra are divided into separate panels shown in Figures 7B-E and 8B-D. Notable glycans in Figures 7B-E and 8B-D are identified by mass, but not all peaks are annotated to allow the figures to be readable. As described below, much of the data is presented in Tables.
Compositional analyses in Table I revealed that each mucin sample contained a single sialic acid, identified as Neu5Ac, a single hexose, identified as Gal, a single deoxyhexose, identified as Fuc, and HexNAc (GlcNAc or GalNAc). Mucin-type O-glycans are linked via GalNAc to peptide (Roussel et al., 1975; Boat et al., 1976) , thus generating R-GalNAc-AB upon derivatization. In our analyses, we separated the neutral (N-ND1 and N-CF1) and anionic O-glycans (A-ND1 and A-CF1) and the neuraminidasetreated O-glycans, after separating them into neutral (NA-ND1 and NA-CF1) or residually anionic species (AA-ND1 and AA-CF1), as shown in Figure 4 .
Surprisingly, 260 different 2-AB labeled glycans were compositionally identified in MALDI-TOF-MS when the results from analyses of both ND and CF mucins are combined. But the samples probably contain even more compositionally distinct glycan species that are at the borderline of detection, which we generally considered to be >1000 counts on the MALDI-TOF-MS spectra (Table II footnote) . To aid in the analysis of the data, we tabulated the O-glycans as those in common and in approximately similar amounts between ND1 and CF1, or as not in common or in different amounts between the samples. Twenty-seven different neutral O-glycans were identified and found to be in common and in similar quantities to both mucin preparations (Table II) . By contrast, 16 O-glycans exhibited differences in expression levels between the two samples ( Table III) . The observed m/z of the identified neutral Oglycan derivatives ranged from 504.82 to 1898.64.
A common O-glycan core structure in mammalian mucins is the core 1 O-glycan structure (Galβ1-3GalNAcα1-Ser/Thr), and this has been reported previously in human airway mucins (Lamblin et al., 1984a,b,c; Breg et al., 1988; Mawhinney et al., 1992a,b; Thomsson et al., 1998 Thomsson et al., , 2002 Degroote et al., 1999; Scanlin and Glick, 1999; Morelle et al., 2001; Rhim et al., 2001) . The simplest glycan we observed in the neutral samples had the composition [Gal 1 GalNAc-AB+H] + (obs. m/z 504.82), consistent with that predicted for the core 1 O-glycan. Another common O-glycan structure in mammalian mucins is the core 2 O-glycan (Galβ1-3(Galβ1-4GlcNAcβ1-6)GalNAcα1-Ser/ Thr), which has been previously reported in human airway mucins (Lamblin et al., 1984a,b,c; Breg et al., 1988; Mawhinney et al., 1992a,b; Thomsson et al., 1998 Thomsson et al., , 2002 Degroote et al., 1999; Scanlin and Glick, 1999; Morelle et al., 2001; Rhim et al., 2001 A considerable number of the common O-glycans in the N-ND1 and N-CF1 samples (Table III) also contained the composition R-HexNAc 2 GalNAc-2AB and R-HexNAc 3-GalNAc-2AB, indicating the possible presence of core 3 and core 4 O-glycans, which have the core structures of GlcNAcβ1-3GalNAcα1-Ser/Thr and GlcNAcβ1-3(GlcNAcβ1-6)GalNAcα1-Ser/Thr, respectively. O-Glycans with these core structures are known to occur in airway mucins (Lamblin et al., 1984b; Breg et al., 1988; Mawhinney et al., 1992a; Lo-Guidice et al., 1997; Degroote et al., 2003) . Another important feature of many of the neutral O-glycans in Table III is the presence of Fuc residues. A majority of the O-glycan species contained from one to three Fuc residues.
The sizes of the neutral O-glycans exhibiting differences in expression between ND1 and CF1 ranged from obs. m/z 1054.12 to 1794.13 (Table III) The scale used for approximating glycan amounts relative to an internal standard lacto-N-neotetraose (LNnT) by MALDI-TOF-MS was as follows: X, MALDI counts; -, X < 1000; +, 1000 ≤ X < 5,000; ++, 5000 ≤ X < 15,000; +++, 15,000 ≤ X < 25,000; ++++, 25,000 ≤ X < 35,000; +++++, 35,000 ≤ X< 45,000; ++++++, X ≥ 45,000.
Predicted composition
Predicted Samples were mixed with the internal standard lacto-N-neotetraose (LNnT), as indicated, and were analyzed by positive-mode MALDI-TOF-MS as described in Materials and methods. (A) Total unannotated spectra of both N-ND1 and N-CF1 and (B-E) annotated spectra for both N-ND1 and CF1. Many peaks are annotated, but a more complete annotation is provided in Tables II and III. and their identities, along with other unusual O-glycan compositions, are discussed in a section below on unusual O-glycan compositions.
Analysis of anionic O-glycans by MALDI-TOF-MS
The anionic O-glycans bound by QAE-Sephadex from both ND1 and CF1 contained 169 O-glycans in common and in similar amounts (Table IV) . Of these, 97 were sulfated (and some of these were sialylated), and the remaining 72 glycans were sialylated only. Thus, most anionic O-glycan species in common between A-ND1 and A-CF1 are sulfated. The presence of sulfate was verified in analyses below of desialylated samples. Interestingly, 48 anionic O-glycans were found to be differentially expressed in the two mucin samples, and of these, 23 were sulfated (and some of the sulfated glycans were also sialylated), whereas the remainder was sialylated but not sulfated (Table V) . The anionic species in common (Table IV) O-glycan compositions yet identified in human airway mucins (Thomsson et al., 1998) . Most of the anionic O-glycans in common between ND1 and CF1 contained a single sulfate residue or a single Neu5Ac residue, or one of each. This is consistent with the tabulation following anion exchange chromatography in Figure 5 , showing a predominance of -1 and -2-charged species in the anionic pools from both ND1 and ND2 and in CF1 and CF2. We did not observe O-glycans containing more than one sulfate residue at this resolution. QAE-Sephadex chromatography ( Figure 5 ) showed that some O-glycans contained -3 and -4 charges, indicating the possible presence of multiple sialylated and multiple sulfated O-glycans. Studies are in progress to prepare more of these species for separate analyses by MALDI-TOF-MS.
Most of the sialylated samples contained a single Neu5Ac residue, but 31 glycans in common between the A-ND1 and A-CF1 were found to contain two sialic acid residues (Table IV) . Interestingly, none of the O-glycans identified at this level of sensitivity contained two sialic acid residues along with a sulfate residue. Most high molecular species contained from one to six Fuc residues. The most highly fucosylated sample was [Sul 1 Fuc 6 Gal 6 HexNAc 5 GalNAc-AB-H] -(obs. m/z 3285.51) (Table IV) . Thus, both ND and CF mucins contain in common many high molecular weight sulfated, sialylated, and fucosylated O-glycans.
However, 48 anionic O-glycans were differentially expressed in A-CF1 versus A-ND1 mucins (Table V) . Most of the sialylated samples contained a single Neu5Ac residue, but six glycans contained two sialic acid residues (Table V) . Of these 48 O-glycans, 23 were sulfated, but 16 of these were sulfated but not sialylated, and only seven (Table V) , which is a composition corresponding to the sialyl-Tn antigen, NeuAcα2-6GalNAcα1-Ser/Thr. In general, many of the anionic O-glycans found to be more highly expressed in CF compared with ND mucin were fucosylated and contained from one to six Fuc residues. Although the highly fucosylated O-glycan [Sul 1 Fuc 6 Gal 6 HexNAc 5 GalNAc-AB-H] -(obs. m/z 3139.6) containing sulfate but not sialic acid was found to be expressed at similar levels between A-CF1 and A-ND1, A-CF1 Table V) .
Analysis of neuraminidase-treated and desialylated O-glycans by MALDI-TOF-MS
The results above established that the anionic O-glycans from both CF and ND samples were sialylated and/or sulfated. To examine more closely the underlying O-glycan of the sialylated and sulfated species and confirm the presence of Neu5Ac, the entire anionic samples (A-ND1 and A-CF1) were treated with neuraminidase and then reapplied to QAE-Sephadex to separate the resultant neutral species (NA-ND1 and NA-CF1) from the residually anionic species (AA-ND1 and AA-CF1) (Figure 4 To further analyze the O-glycan composition and confirm the removal of sialic acid and the residual nature of the sulfate residues, we analyzed the NA-ND1, NA-CF1, AA-ND1, and AA-CF1 O-glycans by MALDI-TOF-MS. The results are presented in Tables VI-IX. The compilation of those neutral O-glycans in NA-ND1 and NA-CF1 found to be expressed at common levels between the two mucin samples are shown in Table VI . None of the O-glycans in NA-ND1 and NA-CF1 contained either Neu5Ac or sulfate as expected. Most of the O-glycans were highly fucosylated and contained from one to five Fuc residues, and the largest O-glycan had an obs. m/z 2542.42. As might be predicted, all of the major glycans in the NA-ND1 and NA-CF1 were found as sialylated compounds in the MALDI-TOF-MS Altered O-glycosylation and sulfation of airway mucins spectra of the original A-ND1 and A-CF1 material (Table  IV) , thus providing further confirmation to the effectiveness of neuraminidase in quantitatively removing sialic acid from the glycans and the stability of the glycans to the manipulation. The compilation of the neutral O-glycans recovered following desialylation by neuraminidase in NA-ND1 and NA-CF1 and differentially expressed between the two mucin samples is summarized in Table VII . Again, these asialo compounds were observed as sialylated species in the A-ND1 and A-CF1 samples. For example, [Neu5Ac 1 -Gal 2 HexNAc 1 GalNAc-AB-H] -was more abundant in A-CF1 than in A-ND1 (Table V) , and the desialylated form of that glycan [Gal 2 HexNAc 1 GalNAc-AB+H] + was recovered and found to be more abundant in NA-CF1 than in NA-ND1 (Table VII) (Table VII) .
The anionic O-glycans AA-ND1 and AA-CF1 recovered following desialylation by neuraminidase and found to be expressed similarly in the different glycan samples are summarized in Table VIII . All of the recovered O-glycans in AA-ND1 and AA-CF1 were monosulfated, as predicted by the results from anion exchange chromatography on QAESephadex and the compositional analyses in Table IV . Nearly all of the sulfated and nonsialylated O-glycans identified in the A-ND1 and A-CF1 fractions in Table IV were recovered as AA-ND1 and AA-CF1, as summarized in Table VII . The results support the presence of a high number of sulfated and nonsialylated O-glycans in common between CF1 and ND1.
Thirty-one different sulfated O-glycans were identified as anionic species following desialylation by neuraminidase in the AA-ND1 and AA-CF1 and found to be differentially expressed between the two mucins and mostly found in the AA-CF1 material (Table IX) . In particular, a relatively large amount of [Sul 1 Gal 2 HexNAc 1 GalNAc-AB-H] -(obs. m/z 947.31) was recovered in AA-CF1 compared with AA-ND1 (Table IX) . This is similar to the higher amounts of the sulfated and fucosylated form of this underlying Gal 2 HexNAc 1 GalNAc-AB O-glycan, which corresponds in composition to a core 2-type O-glycan in all CF1 samples. Table V) . These two species were found in CF1, but not in NF1, and may represent new O-glycan core structures rich in Gal. Several O-glycans with unusual core structures and compositions relating to those we observed have been seen previously in human mucins, although not in airway mucins. These include Galβ1-6GalNAcitol and Galβ1-6(Galβ1-3)GalNAcitol identified in human gastric mucin (Slomiany et al., 1984a,b) , the digalactosylated O-glycan Gal-Galβ1-3GalNAcitol found in human MUC1 derived from MCF7 cells (Backstrom et al., 2003) , the α-galactosylated trisaccharide NeuAcα2-6(Galα1-3)GalNAcitol (van Halbeek et al., 1994) , and a digalactosylated O-glycan Galβ1-3(Galβ1-6)GalNAcitol, which was reported in Table VII . Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) of 2-aminobenzamide (2-AB)-labeled neutral O-glycans differentially expressed between NA-CF1 and NA-ND1 and predicted compositions O-glycans in the human blood fluke Schistosoma mansoni (Huang et al., 2001) . Studies are in progress to precisely define the structures and sequences of these potentially unusual O-glycans, which we identified here in airway mucins.
Unusual O-glycan compositions
Discussion
Our study reveals that the O-glycans in airway mucins purified from patients with CF and from ND individuals contain at least 260 compositionally different O-glycans. The discovery of such a large number of different O-glycans is in line with earlier predictions that mucins may contain several hundred different carbohydrate chains based on ion exchange chromatography and high performance liquid chromatography (HPLC) of oligosaccharide alditols generated by reductive β elimination (Lamblin et al., 1992) . Furthermore, the results demonstrate that the O-glycans from CF patients differ significantly from airway mucins of ND individuals in the predicted numbers of O-glycan chains per mg protein, O-glycan composition, and the degree and type of sulfation. Along with higher amounts of monosaccharides, CF mucin also contains higher amounts of GlcNAc-6-Sul and Gal-6-Sul compared with ND mucin. A majority (∼54%) of the O-glycans in ND mucin is neutral, whereas a majority (∼63%) of the O-glycans from CF donors is anionic and contains both sialylated and/or sulfated species. Overall our results are largely in agreement with previous studies on selected glycan fractions and significantly extend our understanding of the important differences in O-glycosylation between CF and ND mucins. Many excellent studies have defined the structures of some O-glycans in airway mucins from both CF and ND individuals or individuals having chronic pulmonary disease, and have shown that the mucins contain a variety of Table IX . Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) of 2-aminobenzamide (2-AB)-labeled anionic O-glycans differentially expressed between AA-CF1 and AA-ND1 and predicted compositions sulfated, sialylated, and fucosylated O-glycans, generally of the core 1 and core 2 types, but also including core 3 and core 4 types ( van Halbeek et al., 1982; Lamblin et al., 1984c Lamblin et al., , 1991 Breg et al., 1987 Breg et al., , 1988 Mawhinney et al., 1987 Mawhinney et al., , 1992a van Kuik et al., 1991; Sangadala et al., 1992 Sangadala et al., , 1993 Lo-Guidice et al., 1994; Chance and Mawhinney, 1996; Thomsson et al., 1998; Morelle et al., 2001; Degroote et al., 2003) . Importantly, most if not all of the mucin O-glycans structures identified in these previous studies, including the 60 species recently identified by mass spectrometry (Thomsson et al., 1998) , correspond to glycan compositions identified in our study, thus confirming and extending these previous results. Just a few examples of this identity will be discussed. One of the large-sized sulfated and fucosylated O-glycans in airway mucin is a core 4-based O-glycan having Scheme 1 (Degroote et al., 2003) , which corresponds in composition to [Sul 1 Fuc 2 Gal 3 -HexNAc 3 GalNAc-AB-H] -(obs. m/z 1808.54) ( Table IV) . A core 2-based O-glycan in airway mucin has Scheme 2 , which corresponds in composition with [Fuc 1 Gal 3 HexNAc 2 GalNAc-AB+Na] + (obs. m/z 1403.51) (Table II) . Finally, a sialylated and sulfated core 4-based O-glycans in CF mucin has Scheme 3 (Mawhinney et al., 1992b) , which corresponds in composition with [Sul 1 Neu5Ac 1 Fuc 1 Gal 2 HexNAc 2 GalNAc-AB-H] -(obs. m/z 1588.53) (Table IV) . Thus, the results of our study fit in well with the overall analyses by many other laboratories using different techniques.
Most studies on glycan structure and composition have been performed on proteolytic fractions (e.g., trypsin or pronase treated) derived from intact mucins rather than intact high molecular weight mucins (e.g., Breg et al., 1988; van Kuik et al., 1991; Lo-Guidice et al., 1994; Thomsson et al., 1998; Degroote et al., 2003) . Other approaches have involved analysis of endo-glycosidase fractions from whole mucin preparation. For example, a recent study utilized Fast atom bombardment-mass spectrometry (FAB-MS) characterization of fragments released by endo-β-galactosidase treatments of total O-glycans to demonstrate the presence of sLe x in all mucin preparation from eight CF patients, whereas sLe x was found in fragments from only three of eight patients suffering from chronic bronchitis (Morelle et al., 2001) .
In our approach, we attempted to identify as many intact O-glycans species recoverable from high molecular intact mucin and exploit mass spectrometry and derivatization chemistry to allow quantitation of glycan species and estimate their diversity. To this end, we used fluorescent-labeling with 2-AB and the inclusion of internal standard glycans to allow an overall comparison and quantitation of all glycan species. Our approach is dependent on the recent discovery of chemical release of O-glycans as glycosylamines (1-aminoglycans) by β elimination from Ser/Thr residues by treatment with ammonia and subsequent conversion to reducing glycans through boric acid treatment (Huang et al., 2001) . Our study is one of the first to exploit this release strategy of nonreductive β elimination of purified airway mucin to allow the derivatization of released glycans with 2-AB and their quantification by fluorescence measurements. A recent elegant study on mucin type O-glycan (Robbe et al., 2003) employed an approach related to ours, except that the nonreductively released glycans were labeled by reductive amination with different fluorophores for analysis by gel electrophoresis. An advantage of both such approaches is that O-glycans are easily released and quantitatively derivatized and the glycans can be precisely quantified by fluorescence measurements. In addition, the derivatization of O-glycans with 2-AB converts the O-glycans from a form that does not bind reverse phase resins, for example, C18, to a derivative that does bind, thereby aiding in purification of O-glycans and reduction of background in MS analyses.
The presence of sulfated sugars in airway mucins has been previously noted as well as an overall increase in sulfation in mucins from CF patients (Boat et al., 1976; Chace et al., 1983; Cheng et al., 1989; Scharfman et al., 1996) . It appears that mucin sulfation may be elevated both in CF SO 3 -patients and in individuals suffering from bronchitis with the degree of sulfation relating to the severity of the infection (Davril et al., 1999) . Many previous studies have reported total sulfate content of mucins (Boat et al., 1976; Chace et al., 1983; Carnoy et al., 1993; Davril et al., 1999) , but only a few studies have identified individual sugar sulfates, such as GlcNAc-6-Sul, Gal-3-Sul, Gal-4-Sul, and Gal-6-Sul (Lamblin et al., 1991; Mawhinney et al., 1992a,b; Sangadala et al., 1993; Lo-Guidice et al., 1994; Thomsson et al., 1998; Degroote et al., 2003) , and there have been uncertainties about the sugar sulfate species present in airway mucins. In addition, there has been no relative determination of individual sugar sulfate species in CF versus ND mucin. Our results show that mucins from both ND and CF donors contain GlcNAc-6-Sul, Gal-6-Sul, and Gal-3-Sul, but that CF mucins contain significantly more of the 6-sulfated sugars compared with Gal-3-Sul, which is only slightly increased in CF compared with ND mucin. One advantage of the approach we have taken is the use of intact mucin, rather than analysis of proteolytic fractions of mucins or selected sulfated glycans (Mawhinney et al., 1987 , 1992a ,b Lo-Guidice et al., 1994 Chance and Mawhinney, 1996) . All of these studies employing analysis of selected fractions of material reflect the difficulty in working with high molecular weight mucin samples and the problems in chemical quantification of sulfated sugars. Our approach employing limited hydrolysis and the identification of recovered sulfated sugars by Dionex HPAEC using whole mucin samples may be useful in future studies to define sulfated sugar content as a function of disease and pathology. This approach is an extension of the methods developed to analyze radioactive sugar sulfates in L-selectin ligands (Hemmerich et al., 1994 (Hemmerich et al., , 1995 Bistrup et al., 1999) . Many sulfate esters of monosaccharides are relatively stable to acid treatments that can cleave glycosidic linkages and thus provides for the identification and relative measurement of sulfated sugar content of glycoproteins.
It has been estimated that there could be up to ∼30 O-glycans per 100 amino acids in human respiratory mucins based on their Ser/Thr content (Lamblin et al., 1991) , but little is known about the actual extent of O-glycosylation in normal human respiratory mucin versus mucin from CF patients. It has been predicted that only about 60% of the Ser/Thr residues within the consensus mucin tandem repeats of human MUC5B, and MUC5A/C might be O-glycosylated (Silverman et al., 2001) , using the NetOGly of Hansen et al. (1995 Hansen et al. ( , 1998 . Our analyses indicate that high molecular CF airway mucin is ∼76% by weight carbohydrate, whereas the amount of carbohydrate in normal human airway mucin is ∼59%. Furthermore, CF mucin contains >1.5-fold GalNAc per mg weight than ND mucin, which is compatible with our nearly two-fold higher recovery of 2-AB-labeled O-glycan from CF compared with ND mucin. It should be noted that in all studies cited above on O-glycan structures from airway mucins, GalNAc has so far been observed only in the reducing position of O-glycans from respiratory mucins and not as a component in the outer branches. Thus, our results indicate that CF mucins contain a higher density of O-glycans per polypeptide compared with ND mucins, implying a possible higher degree of Ser/Thr site occupancy in CF mucins.
The addition of O-glycans to mucins is initiated by a large family of UDPGalNAc : polypeptide α-N-acetylgalactosaminyltransferases (pp-GalNAcTs) (Lamblin et al., 2001; Schwientek et al., 2002; Ten Hagen et al., 2003; Cheng et al., 2004) . These enzymes have a catalytic domain associated with a lectin (R-type) domain that promotes enzyme attachment to growing increasingly glycosylated peptide domains and may have peptide sequence specificity (Schwientek et al., 2002) . The changes in activities of glycosyltransferases and other modifying enzymes accompanying the disease process may cause altered expression of initiating pp-GalNAcTs that enhance overall mucin glycosylation. Future studies should explore the regulation of specific pp-GalNAcT genes in mucin-secreting cells within the lung of CF patients.
Although our results demonstrate significant differences in mucin glycosylation and sulfation between CF and ND individuals, the underlying molecular causes of such changes are largely unknown. It is apparent that a wide variety of glycosyltransferases and a number of sugar sulfotransferases must be expressed to allow the generation of such highly heterogeneous O-glycans, but we are only beginning to understand the complex biosynthetic pathway for O-glycosylation (Lamblin et al., 2001; Rhim et al., 2001) . Another complexity is the relationship between altered mucin glycosylation and sulfation and the genetic mutation underlying CF. The CFTR is expressed primarily within nonciliated epithelial cells, duct cells, serous cells of the tubular glands (Engelhardt et al., 1994) . However, the CFTR is not expressed in the goblet cells and mucous glands of the acinar cells (Jacquot et al., 1993) , which are the cells that synthesize respiratory mucins. Thus, the apparent consequence of the CFTR mutation on differential mucin glycosylation and sulfation is most likely a secondary, but not primary, effect of the mutation. Infection with P. aeruginosa may stimulate mucin biosynthesis, such as for MUC5AC (Kohri et al., 2002) , but the factors causing changes in mucin post-translational modifications are not clear. The higher degree of sulfation observed in CF mucin (Roussel et al., 1975; Boat et al., 1976; Lamblin et al., 1977; Frates et al., 1983; Chace et al., 1985; Cheng et al., 1989; Carnoy et al., 1993; Mohapatra et al., 1995; Mendicino and Sangadala, 1999) may be a result of the underlying inflammation (Lamblin et al., 2001) , which can occur in CF patients and in patients with other respiratory diseases, along with defects in innate immune responses accompanying loss of the cell surface CFTR, which may be a receptor for P. aeruginosa (Kowalski and Pier, 2004) .
Our results indicate that there are specific increases in 6-O-sulfation of Gal and GlcNAc residues, although the O-glycans also contain Gal-3-Sul. The 6-O-sulfation of Gal and GlcNAc residues are catalyzed by a family of sulfotransferases utilizing the donor phosphoadenosine phosphosulfate (PAPS) and inflammatory mediators, such tumor necrosis factor-α, have been shown to elevate expression of such enzymes, for example, GlcNAc-6-O-sulfotransferase and Gal-3-O-sulfotransferase (Delmotte et al., 2002) . These and other studies are beginning to suggest that inflammation, which is usually present in CF individuals, may precede bacterial colonization, and might be a major factor causing altered glycosylation and sulfation of airway mucins. Some key carbohydrate structures, such as the expression of the Fuc-and sialic acid-containing determinant sLe x , are more abundant and observed more frequently in patients with CF than in non-CF individuals (Morelle et al., 2001; Shori et al., 2001) . Consistent with this is evidence that there is a lack of expression of fucosylated and sialylated O-glycans in non-CF patients (Degroote et al., 2003) . Clearly, much more work is needed to define the effects of both inflammation and bacterial infection on the expression of the many glycosyltransferases and sulfotransferases involved in mucin biosynthesis (Scanlin and Glick, 1999; Lamblin et al., 2001; Rhim et al., 2001) .
Although not addressed directly by our work here, some of the mucin O-glycans we have partly characterized may act as adhesion ligands for pathogenic bacteria, such as P. aeruginosa (Scharfman et al., 1996 (Scharfman et al., , 2000 , and for inflammatory leukocytes that recognize sialylated, fucosylated, and sulfated ligands. All of these adhesion systems may recognize mucins with clustered, high density arrays of O-glycans. Pseudomonas aeruginosa has multiple carbohydrate adhesion molecules (Carnoy et al., 1994; Jaffar-Bandjee et al., 1994; Ramphal and Arora, 2001 ) including the Galand Fuc-binding lectins, PA-IL and PA-IIL, respectively. The crystal structure of the PA-IIL demonstrates its ability to recognize Fuc (Mitchell et al., 2002) and suggests that the adhesin may have a broad specificity. The affinity of the adhesins for individual O-glycan species may be low, but there may be increased avidity to highly dense arrays of O-glycans as we predict may occur in CF mucins. Recent studies also show that circulating human leukocytes constitutively express L-selectin, a C-type lectin that recognizes sLe x and 6-sulfo-sLe x and also shows higher affinity for mucins presenting clustered, high density arrays of such determinants (Kanamori et al., 2002; Lowe, 2002; van Zante and Rosen, 2003) . The glycans structures, we have studied here, may provide further clues as to how glycans might contribute to bacterial recognition and disease pathogenesis. Future studies might address whether agents that interfere with the expression of sialylated and/or sulfated O-glycans in airway mucin could be useful in treating CF patients and altering disease pathogenesis.
Materials and Methods
Mucin purification
Airway mucins from two donors with CF (CF1 and CF2) and from two ND normal healthy donors (ND1 and ND2) were purified as described by Chace et al. (1985) . The purification involves treatments of material with nucleases to remove DNA/RNA, salt extraction, and gel permeation chromatography to collect the high molecular mucin and remove low molecular contaminants. The protocol for the collection of mucus specimens from ND and CF donors was approved by the Institutional Review Board (IRB 02617). CF1, ND1, and ND2 are of the O-blood type, whereas CF2 is A-blood type. For mucin purification, Sepharose CL-4B was obtained from Pharmacia (Uppsala, Sweden), whereas other common laboratory chemicals were obtained from Sigma-Aldrich (St. Louis, MO). Because a total of ∼100 mg of purified mucin was obtained from CF1 and ∼50 mg from ND1 and lesser amounts (<25 mg) from the donors CF2 and ND2, we performed detailed analyses by mass spectrometry, and HPLC were conducted on CF1 and ND1. All mucin preparations were analyzed by reducing SDS-PAGE (4-20% acrylamide) (Invitrogen, Carlsbad, CA) along with prestained molecular weight markers (BioRad Laboratories, Hercules, CA). Gels were stained with periodic acid/Schiff reagent (Zacharius et al., 1969) by using the GelCode Glycoprotein Staining Kit (Pierce Biotechnology, Rockville, IL) and Coomassie Brilliant Blue (Sigma-Aldrich).
Ammonia-based β elimination of glycans
O-Glycans were liberated from mucins by using the method of nonreductive β elimination developed in Novotny's laboratory (Huang et al., 2001) . In typical experiments, 1 mg of purified human mucin was dissolved in 1 mL of 28% aqueous NH 4 OH saturated with (NH 4 ) 2 CO 3 at room temperature. An additional 100 mg of solid (NH 4 ) 2 CO 3 was added to the reaction mixture and then incubated at 60°C in a heat block for 40 h. NH 4 OH and (NH 4 ) 2 CO 3 were removed by repeated evaporation by using a Centra-Vap (Labconco, Kansas City, MO), and the readdition of water until no salts were visible in the microtube. Ten microliters of 0.5 M boric acid was added, and the mixture was incubated at 37°C for 30 min. The sample was dried, and boric acid was removed by evaporation under a stream of N 2 with several cycles of methanol addition and evaporation. The dried material was dissolved in 50 µL of water and centrifuged. The supernatant was used for derivatization with 2-AB, as described below. The insoluble peptides were discarded.
2-AB labeling of released glycans
2-AB or 2-AA (10g) (Sigma-Aldrich) was twice recrystallized, by first, dissolving the materials in ethanol (4 mL), and then, heating the sample to 60°C until the sample was dissolved. The sample was refrigerated at 4°C overnight to generate crystals of 2-AB or 2-AA, and the crystals were recovered by filtration on Whatman filter paper. The material was recrystallized one more time by the same procedure, and the final, twice recrystallized 2-AB or 2-AA was air dried and stored at -20°C in capped tube. Free, released glycans were completely dried from water in a Centra-Vap. In a solution of 0.35 M, the twice recrystallized 2-AB and 1 M NaCNBH 3 were prepared in acetic acid : dimethyl sulfoxide (3:7). Five microliters of this solution was added to dried glycans and incubated in the dark at 60°C for 4 h (Bigge et al., 1995) . The reaction mixture was dried under a vacuum, redissolved in water, and then applied to a GlycoClean S cleanup cartridge (Prozyme, San Leandro, CA), following the manufacturer's instructions. 2-AB-labeled glycans were stored at -20°C wrapped in foil. By using this same procedure, we prepared the 2-AA derivative of LNnT (LNnT-2-AA) for use as an internal standard, as described below.
Separation of 2-AB-labeled glycans by HPLC
The 2-AB-labeled glycans were separated by HPLC on a GlycoSep C column (Prozyme) in a Shimadzu SCL-10A equipped with a fluorescence detector, at a flow rate of 0.4 mL/min and fluorescence detection at λ ex = 330 nm and λ em = 420 nm. The following buffers were used: buffer A, 20% acetonitrile and buffer B, 20% acetonitrile : 30% water : 50% 500 mM ammonium acetate, pH4.5. The following gradient was conducted: for 0-2 min, 98% A, 2% B; for 2-10 min, 90% A, 10% B; for 10-40 min, 50% A, 50% B; for 40-70 min, 2% A, 98% B; for 70-75 min, 2% A, 98% B; and for 75-120 min, 98% A, 2% B.
Mass spectrometry of 2-AB-labeled glycans MALDI-TOF-MS was carried out on a Voyager-DE RP Biospectrometry Workstation instrument (Applied Biosystems, Framingham, MA) equipment with a pulsed nitrogen laser (337 nm). MALDI spectra were acquired at 20 and 25 kV accelerating voltage in positive-or negative-ion modes, respectively, whereas the low-mass gate was used to discard the ions with m/z values of <400. All acquired spectra were smoothed by applying a 19-point Savitzky-Golay smoothing routine. The matrix used for positive mode was 10 mg/ mL 2,5-dihydroxybenzoic acid prepared in 50% acetonitrile and 0.1% trifluoroacetic acid (TFA). For the negative mode, 10 mM ammonium citrate solution was used. The sample spots were air dried. As an internal standard, in the positive mode, we added the tetrasaccharide LNnT, and in the negative mode, we added the 2-AA derivative of LNnT. Samples were dissolved in water, and either LNnT or LNnT-2-AA was added (20 pmol/µL sample) before spotting. 
Standard compositional analyses by HPAEC
For standard monosaccharide compositional analyses, samples (typically 100 µg of mucin) were dissolved in 340 µL pure water and placed in a 1.0-1.5 mL Reacti-Vial. To this was added 60 µL of neat and fresh TFA (Pierce Biotechnology), which upon dilution provided a final concentration of 2 N TFA in a total volume of 400 µL. The tubes were capped and incubated for 4.5 h at 100°C. Previous studies have demonstrated that the monosaccharides except sialic acids are stable to hydrolysis by TFA at 100°C up to 6 h of treatment (Bousfield et al., 2000) . After incubation, samples were first briefly centrifuged to collect condensate and then transferred to Spin-X centrifuge tube filters with 0.22 µm nylon filter (Corning Costar Corporation, Cambridge, MA). The tubes were rinsed and washed directly into reactivials with 0.2 mL aliquots of pure water and the washings combined. Samples were dried in a speed vac concentrator, and 50 µL of water containing 5 nmol rhamnose (Rhainternal standard) was added to each sample. From each sample, 20 µL was injected for analysis by HPAEC on a CarboPac TM PA1 column (4 × 250 mm) (Dionex Corporation, Sunnyvale, CA). The following buffers were used: buffer A, water and buffer B, 0.2 M NaOH for 30 min, and sample was analyzed by an isocratic procedure with 90% buffer A and 10% buffer B. Each sample was analyzed in duplicate. For sialic acid analysis, samples were desialylated by treatment with 0.1 N HCl at 80°C for 30 min and then dried. All samples were dissolved in 50 µL of water and analyzed by HPAEC on a CarboPac TM PA10 column (4 × 250 mm, Dionex).
Determination of sulfated monosaccharides by partial acid hydrolysis of mucin
Sulfated monosaccharides in mucins were defined by a modification of published procedures (Hemmerich et al., 1994; Bistrup et al., 1999) . Standard sulfated monosaccharide solutions of GlcNH 2 -6-Sul, GlcNAc-6-Sul, and Gal-6-Sul (Sigma-Aldrich) were prepared in deionized water at 0.1 M. Gal-3-Sul was prepared from sulfatide (Sigma-Aldrich), which has the structure Sul-3-O-Gal-Ceramide. Briefly, sulfatide (5 mg) was dissolved in 1 mL chloroform/methanol (1:1, v/v), and 200 µg was removed to a glass vial and dried under N 2 . The sample was hydrolyzed in 500 µL of 70 mM HCl at 100°C for 1 h. The sample was filtered in a Spin-X (Corning Costar Corporation), frozen, dried in a spin-vac, and the dried sample was dissolved in 100 µL of water. For the determination of sulfated monosaccharides in mucins, purified mucin (5 mg) was dissolved in 2.0 mL of water and shaken at 4°C for 5 h until completely dissolved. A portion (200 µL-0.5 mg of each) was removed into glass vials and mixed with 50 µL of 70 mM HCl and 250 µL water for a total volume of 500 µL. The sample was heated at 100°C for 1 h. After hydrolysis, samples were filtered in a Spin-X tube and then dried by lyophilization. Each hydrolysate was dissolved in 50 µL of water and 10 µL of each analyzed by HPAEC on a PA-100 column on Dionex. The following solvents were used: buffer A, 100 mM NaOH and buffer B, 1.0 M sodium acetate with 100 mM NaOH. The following program was used: for 0 min, 85% A, 15% B; for 5 min, 85% A, 15% B; for 45 min, 65% A, 35% B; for 50 min, 65% A, 35% B; for 50.1 min, 30% A, 70% B; for 55 min, 30% A, 70% B; for 55.1 min, 85% A, 15% B; and for 65 min, 85% A, 15% B. An alternative HPAEC program was developed for the separation of both monosaccharides and sulfated monosaccharides on a PA1 column in Dionex, and the following program was used with the indicated buffers: for 0 min, 100% of 50 mM NaOH; for 5 min, 100% of 50 mM NaOH; for 35 min, 100% of 1 M NaOAc/100 mM NaOH; for 40 min, 100% of 1 M NaOAc/100 mM NaOH; and for 41 min, 100% of 100 mM NaOH. In developmental studies, for these types of assays, we used keratan sulfate (Sigma-Aldrich), which contains GlcNAc-6-Sul and Gal-6-Sul. Following partial acid hydrolysis of keratan sulfate using the procedures described above, we obtained only the expected sulfated monosaccharides, GlcNH 2 -6-Sul, GlcNAc-6-Sul, and Gal-6-Sul, and no other sulfated species were identified. Hydrolysis of sulfatide produced only Gal-3-Sul, and no other sulfated species were identified. Mixtures of the four sulfated compounds were then used as a standard preparation.
To further define the recovery and stability of sulfated monosaccharides in this partial-acid hydrolysis procedure for mucins, we analyzed the stability of a mixture of sulfated monosaccharides to 70 mM HCl, by using the hydrolysis conditions above. The results showed the following recovery for each sulfated monosaccharide after 1 h of hydrolysis: Gal-6-Sul (70%), GlcNH 2 -6-Sul (94.72%), GlcNAc-6-Sul (61.35%), and Gal-3-Sul (17.16%). Thus, the 6-O-sulfated sugars are more stable, as expected, than the 3-O-sulfated sugar to acid hydrolysis. We then used these percentages to correct for the amount of sulfated monosaccharide recovered following partial-acid hydrolysis of mucins.
Desialylation of 2-AB-labeled glycans
Glycans were desialylated by incubation with Arthrobacter ureafaciens neuraminidase (0.1 U) (Roche, Indianapolis, IN) in 50 µL of 0.05 M sodium acetate buffer, pH 5.5, overnight at 37°C. After boiling for 5 min, the sample was centrifuged, and the supernatant removed and diluted with water. The sample was desalted and free sialic acid removed by chromatography on a Carbograph SPE column, (Alltech Associates, Deerfield, IL). Bound glycans were eluted with 40% acetonitrile in 0.05% TFA. The eluted material was dried in a speed-vac, dissolved in pure water, and directly analyzed by either HPLC or MALDI-TOF-MS.
QAE-Sephadex ion-exchange chromatography of 2-AB-labeled glycans
QAE-Sephadex A-25 (Sigma-Aldrich) was swollen in 1 M Tris base overnight at 4°C and the supernatant decanted. This swelling was repeated as above with additional buffer. The QAE-Sephadex was then placed in small columns with a bed volume of ∼1.5 mL and equilibrated into two with a step elution procedure to separate neutral, uncharged glycans from different anionic species. The step elution used was 2 mM Tris base for the neutral glycans; 2 mM Tris base with 20 mM NaCl for -1-charged glycans; 2 mM Tris base with 70 mM NaCl for -2-charged glycans; 2 mM Tris base with 140 mM NaCl for -3-charged glycans; 2 mM Tris base with 200 mM NaCl for -4-charged glycans; 2 mM Tris base with 250 mM NaCl for -5-charged glycans; and a final elution with 2 mM Tris base with 1 M NaCl for all higher charged species (Wilkins et al., 1996) . The eluted 2-AB-labeled glycans were fraction collected, and glycans were quantified in a fluorescence spectrometer (SPEX FluoroMax-2, Jobin Yvon, Edison, NJ) (λ ex = 330 nm, λ em = 420 nm). Glycans were desalted by passage over a Carbograph SPE column, and bound glycans were eluted with 40% acetonitrile in 0.05% TFA.
Protein determination
Purified mucins were dialyzed overnight against deionized water and then dried by lyophilization. The dried mucins were then directly weighed. Precisely 5.0 mg of mucin was dissolved in 2.0 mL of water and then shaken for 5 h at 4°C to allow complete dissolution. A sample (40 µL) of each was diluted and mixed with water to 100 µL, and the absorbance at 280/260 nm was determined and confirmed the absence of nucleic acid.
